INTRODUCTION
Mammalian cell-based assays, in which a physiological change within the cell is read as an endpoint, have become increasingly important to high-throughput screening (HTS). Although these assays can often provide higher value data than their target based, or biochemical, counterparts, the inherent variability of cells presents problems with assay design, implementation, and execution. 1, 2 The readouts of these assays are dependent on a phenotypic response and this most often translates into longer incubation times than required for target-based assays. Any instrument-introduced artifacts in the shorter assays will only be exacerbated by these longer incubation times and in turn, previously unnoticed or minor artifacts or complications can become major problems. The ever-increasing push toward higher-density assay formats further complicates cell-based assays because evaporation and gas-exchange problems associated with microtiter plate cell culture are worsened by the lower-assay volumes.
Throughout the implementation of multiple cellbased assays in the HTS Center at Southern Research Institute (SRI), we have encountered and resolved a wide range of assay problems. These have included reader induced artifacts, incubator-related plate patterns, edge effects attributed to either evaporation or cell adhesion, and liquid-handling irregularities. We present an overview of a representative group of assays highlighting multiple endpoints and incubation times. Along with the problems encountered during implementation, a review of the Keywords: high-throughput screening, cell-based assays, assay troubleshooting diagnosis and solution to each problem is presented. This list of the potential problems and respective solutions has now been incorporated into the validation of every cell-based assay in the HTS Center at SRI. In addition, every new cellbased assay provides a new opportunity to expand this list. All assays discussed below were performed in 384-well plate format.
EXPERIMENTAL ANALYSIS

Temperature and CO 2 Sensitivity
A HeLa cell line stably transfected with a reporter construct containing the human hsp70.01 promoter fused upstream of a firefly luciferase reporter 3 was the basis of this assay. Identification of novel compounds capable of up regulating the hsp70 promoter was the goal of the screening campaign. Promoter up regulation resulting in increased levels of intracellular luciferase was monitored using Bright-Glo by Promega (Madison, WI). The assay required a total incubation time of 48 h postplating. The primary problem observed during validation was increased background signal in the cell control in seemingly random plates throughout the batch run of 100 plates.
To determine the cause of the apparently random highbackground readings, a wide range of cell-plating conditions was tested. These plating conditions included temperature sensitivity during plating, room temperature exposure postplating, and CO 2 variation sensitivity during incubation. Temperature sensitivity during plating was tested first by dispensing the cells into the assay plates, whereas the cell suspension was maintained on ice and at room temperature. Assay plates throughout the run still demonstrated elevated background values, though the cells maintained on ice during plating demonstrated this result later in the assay validation run. Hence, the temperature of the cell stock during plating was not the source of the problem nor did changing the temperature resolve the problem.
Another parameter that was evaluated was the time assay plates spent at room temperature before being placed in the 37 C incubator. During the screening, assay plates were being removed from the cell dispenser and placed in the incubator in batches of 10 to 20. The time spent at room temperature after being dispensed to the assay plates varied between 1 and 20 min from the first to the last plate in a group of 20 plates. Because assay plates in all screens are processed in numeric order, it was possible to correlate the increased background signal with the order in which cells were added to the plates. The first plates spent the longest time at room temperature before being transferred to the 37 C incubator and the increased background signal appeared to correspond inversely to the plate order. To confirm this, cells were dispensed to plates under controlled timing conditions and were left out at room temperature for increasing lengths of time. This experiment reproduced the effect that was observed during validation. Assay plates that were maintained at room temperature for greater than 10 min before placing them into the incubator showed elevated background levels, resulting in drastically reduced signal-to-background ratios. This problem was corrected by stirring the cells on ice while dispensing them to the assay plates and removing the plates from the dispenser in batches of five to minimize the amount of time the cells were exposed to room temperature. The implementation of these protocol changes resulted in a very robust assay. The robust nature of the assay was, in part, determined by the Z' factor, a commonly used assay quality factor. 4 Several other interesting observations were made while troubleshooting this assay. To determine if the incubator itself was the source of the apparently random highbackground plates, identical plates were prepared and placed in three different incubators. Data from these plates showed distinct differences between the three incubators. All incubators were set at 37 C with 5% CO 2 and high humidity and the digital displays on the instruments appeared to confirm these conditions. After observing different results from the incubators, each was evaluated with a NIST traceable thermometer and the CO 2 level was checked using a Fyrite CO 2 analyzer (Bacharach, New Kensington, PA). The results of this equipment check revealed that the temperature varied from 36.5 to 38 C and the CO 2 varied from 4.5% to 6.5%. From this set of experiments, it was determined that if the cells were subject to a CO 2 concentration greater than 6% there was no measurable luciferase activity present in the cells under any condition, not even in the control compound wells. As a result of this observation, the temperature and CO 2 levels in the HTS incubators were monitored much more closely. In summary, if the cells spent too much time at room temperature, luciferase activity increased even in the absence of any other stimuli. The opposite response was observed if the CO 2 level was too high. This resulted in no luciferase response at all. What was learned is that slight variation in environmental parameters can have a significant impact on assay performance.
Temperature Sensitivity Revisited
Drug resistance is often achieved in cells by expression of an efflux pump. The pump transports compounds out of the cell reducing the intracellular concentration, thereby reducing the efficacy of compounds applied to the cells. The tumor cell line used in the assay discussed here (H69/AR) expresses the MRP-1 efflux pump protein and is very efficient at expelling compounds that have entered the cell and are substrates for this pump (PubChem AID: 602). Through this mechanism, H69/AR cells are highly resistant to the toxic effects of doxorubicin. All cells were treated with a concentration of doxorubicin at which treated control cells demonstrate 10% reduction in viability when compared with untreated cell control (EC10) and compounds were evaluated for their ability to increase the sensitivity of the cell to this treatment. Cytotoxicity was measured 96 h post compound treatment and 72 h post doxorubicin treatment using CellTiter-Glo (Promega, Madison, WI). These cells were difficult to adapt to high-density assay plates. Early assay validation in 384well format showed significant edge effect resulting in prohibitively high coefficients of variability (%CVs) for these cells (Fig. 1) . Plating conditions were examined as the probable cause of the high variability. It was found that stirring the cells on ice during plating helped reduce the edge effect, but the %CV values were still unacceptably high (O15%). Based on the work of Lundholt et al., 2 allowing the assay plates to incubate at room temperature for various times before moving them to the 37 C incubator was evaluated. The rationale behind this strategy is that some cell lines need time to settle to the bottom of the well before being subjected to 37 C temperatures and therefore becoming metabolically active. The theory is that edge effect is caused by a temperature differential across the plate, which is created when the plate is placed in the incubator. The outermost wells reach 37 C more rapidly than the inner wells and so the outer wells show a different response then the inner wells in an assay. When H69/AR assay plates were incubated for 1 h at room temperature before being placed in the 37 C incubator, CV values fell from greater than 15% to less than 8%, making this assay much more amenable to HTS. Testing this plating parameter is now a regular part of assay validation for all cell-based assays screened at SRI. It is interesting to note that while it was found that the previously discussed assay could not tolerate even moderate exposure to room temperature conditions, extended room temperature treatments were absolutely necessary in this assay. The lesson learned here is that every cell line is different and that the optimal conditions required for screening need to be determined empirically for each cell line.
Incubator-Induced Artifacts
An antiviral screen was conducted with MDCK cells being incubated for a total of 96 h postplating and 72 h postviral infection. 5 During this assay, cells were plated and incubated 24 h before the addition of test compounds and the immediate addition of virus. The assay plates were then incubated for an additional 72 h before adding the endpoint reagent. Edge effect from evaporation, usually evident in differential cell viability when comparing the outermost wells of a microtiter plate to the inner wells, is always suspect in an assay with an incubation time of this length, but the edge effect observed in this assay was not typical of that caused by evaporation (Fig. 2) . This pattern occurred throughout the screening run to varying degrees resulting in 5e7% of the assay plates being rejected and repeated. Identifying the source of this plate pattern was further complicated by the nature of this screen; cells were plated and compounds were added in the primary HTS lab, but because of the biosafety level 2 (BSL-2) containment requirements of the virus, virus addition and postvirus incubation were performed in a separate BSL-2 HTS lab. Because of this transfer from one lab to another, the order of treatment of each assay plate throughout the assay process was not kept consistent from lab to lab, resulting in an apparent random distribution of the affected plates.
The most likely candidates for the cause of this pattern were the incubation steps. Therefore, plate positions in each incubator were tracked and recorded. Additionally, each step of the assay was performed in numerical order with relation to the barcode on the plate. Once these steps were put in place, the apparent random distribution of the affected plates disappeared and it was observed that the unacceptable edge effects appeared in an 18e20 plate pattern. When this numeric distribution was compared to the plate position in the incubators, it became clear that the rightmost front of the shelves in one of the incubators was the problem area. When the incubator shelves were filled with assay plates, those plates that were positioned nearest the right incubator wall in the front position of each shelf demonstrated the observed plate pattern. The incubator was decontaminated and serviced. This included a thorough check of all of the door gaskets, the CO 2 solenoid, the circulation fans, the Figure 1 . The formation of temperature gradients within cell-based assay plates can cause drastic edge effects as described by Lundholt et al. 2 Assay plates that were placed directly into the incubator after plating demonstrate this edge effect (coefficient of variability [%CV] ¼ 16.4%) (a). A 1 h incubation at room temperature before being placed in the 37 C incubator dramatically reduces this effect (%CV ¼ 8.6%) (b). The numbers and lettering are column and row indicators. The Z-axis is relative luminescence units (RLUs).
temperature control, and the humidity control. Nothing was found to be out of order but the pattern still appeared on plates placed in those positions. The ultimate solution was simply to avoid that position on the shelves when placing assay plates in the incubator. The lesson learned in this assay was the importance of tracking order and position of every plate throughout the assay process to facilitate troubleshooting when needed. These parameters are now tracked routinely for all assays and plates are still not placed in the rightmost front position of any shelf in this incubator.
Liquid-Handling Considerations
HEK293 cells were stably transfected with a construct consisting of an SMN2 promoter, cDNA, and exon 7 splicing reporter cassette on a selectable replicating vector using luciferase as the reporter. 6 This assay was validated without many of the problems discussed previously in this publication. The screening campaign was begun with all assay parameters optimized to give low %CVs and excellent Z scores. Analysis of the first 30,000 compound screening batch revealed a dramatic four-plate repeating pattern in the values for the positive control (Fig. 3) . The positive control signal for the first plate of each four-plate group was w30% higher than the subsequent three plates in the group.
The possible problems with carry over and contamination related to washing pipette tips between compound transfers has been well documented 7, 8 and must be weighed against the additional cost incurred by using a new box of pipette tips for each unique compound transfer. When the assay process was reviewed step by step starting at the very beginning, it appeared that the cause of this pattern was the compound addition step. Compounds were added to the assay plates in groups of four with a Beckman Coulter BioMek FX using sterile Beckman 384-well pipette tips. The first plate received compounds using a new sterile box of pipette tips and the remaining plates in the group were drugged with the same pipette tips after washing in 70% EtOH followed by a wash in 100% dimethyl sulfoxide (DMSO) to remove any residual EtOH. The cause of the erroneous data was indeed determined to be from the compound addition step and was attributed to the carry over of DMSO into the positive control wells from the DMSO rinse after the washing of the pipette tips. This was confirmed by performing an experiment in which the positive control was added to assay plates both with and without the washing of pipette tips in ethanol and DMSO. The plates into which the positive control was added after the wash demonstrated a 30% lower signal than those into which the control was added with dry tips. The solution for the remainder of the screen was to remove the tips from the tip racks used for compound addition that entered the control wells. This eliminated the additional carry over of DMSO that was pushing the assay beyond its threshold for DMSO tolerance. The removal of control tips from compound addition tip racks is now routinely conducted for all cell-based screens.
Plate-Coating Considerations and More CO 2 Issues
An assay that presented more obstacles than any other assay implemented at the SRI HTS center was a cell growth/viability assay using human umbilical vein endothelial cells (HUVECs) (PubChem AID: 648). HUVECs are primary cells that require specialty media (Endothelial Cell-Basal Medium supplemented with 2% fetal bovine serum, 12 mg/mL bovine brain extract, 1 mg/mL hydrocortisone, and 1 mg/mL GA-1000), which are particularly sensitive to passage number and environmental conditions. In addition to the difficulties associated with the cell type, the assay ran for an extended period of time, a total of 96 h. All of the lessons that were learned through the implementation of the previous cell-based assays conducted in the HTS Center were applied to this assay. Numerous combinations of plating conditions were tried; including plating with and without stirring, maintaining cells on ice or at room temperature during plating and incubating plates for various times at room temperature before moving them to the 37 C incubator. Close monitoring of timing, plate order, and plate position in the incubator was maintained throughout all steps of the assay. After this series of experiments, the best CVs observed were still greater than 15% in 384-well format. Because of cost and instrumentation considerations, adapting the assay to 384-well format was imperative. Therefore, troubleshooting and validation continued.
It has been observed that the pretreatment of assay plates with collagen, fibronectin, and other proteins can increase cell adherence and mitigate cell detachment in cell-based screens. 9 Microtiter plates that have been pretreated with collagen are available from multiple commercial sources. However, the increased cost of coated plates can be significant. To minimize screening cost, a method for pretreating plates with collagen was developed in-house. Corning 384well tissue culture treated plates were pretreated with a 0.5 mg/mL collagen solution dissolved in 1 mM acetic acid. The plates were incubated for 1 h at room temperature in a biological safety cabinet and then the collagen solution was removed using the BioMek FX. These treated plates were then allowed to dry for 1 h and stored at 4 C for up to two weeks before use. Assay validation continued using the collagen-coated plates. Cells were dispensed to the pretreated plates and handled according to the procedures producing the best results to date. In summary, the plates were incubated at room temperature for 1 h and then placed in the incubator. The in-house prepared collagen-treated plates produced better results than standard tissue cultureetreated plates and better results than collagen plates purchased commercially. However, the CVs were still around 12%, which was not sufficient to run the screen. To ensure that equipment problems were not contributing to the high CVs, every piece of equipment used in the assay was checked for proper operation and set points. All equipment in the HTS lab was found to be working properly and temperature and CO 2 settings on the incubators were verified with calibrated thermometers and a Fyrite. Nothing was outside of an acceptable range. This process was then extended to the lab responsible for maintaining the cells and providing cells to the HTS for assay validation. It was found that the incubator used to maintain the cells was actually at 8% CO 2 when checked with a Fyrite, even though the incubator display indicated 5% CO 2 . When the incubator was calibrated and the actual CO 2 level reduced to 5%, the CV dropped to 8%. The assay was now ready for the HTS screening campaign.
For the screen, compounds were delivered with the control well tips removed from the compound addition tip racks based on our previous experience. This combination of correct instrument settings, collagen treatment of the plates, and optimized conditions for cell plating allowed for a screening of 100,000 compounds to be conducted using primary cells. Z scores of w0.8 (Fig. 4) were maintained during the entire screen and there were no additional failures observed. Figure 4 . After the application of the lessons learned including precoating the assay plates with collagen, incubating the assay plates at room temperature for an hour, and strict monitoring of environmental conditions during the screen, this resulted in a very robust, highly reproducible assay with Z factors averaging 0.8.
SUMMARY/CONCLUSION
On the basis of these and many other experiences in the adaptation of cell-based assays to automation platforms at SRI, the HTS Center tries to approach cell-based assays without prejudice. Every cell line or construct is assumed to be unique and every cell line is optimized based on its behavior in an assay plate. ''Dogma'' is often the enemy of conducting a successful HTS campaign because assumptions are made based on general knowledge, which may or may not apply to the specific cell line being used. The same approach is used in troubleshooting and no assumptions are made concerning any variable or condition until it is evaluated experimentally. To avoid wasting time and money on incorrect assumptions, troubleshooting during assay development and validation always begins at the first step and proceeds through all steps of the assay to determine the cause of any problems. This procedure has saved time and money on numerous occasions when the initial assessment of the assay would have eliminated certain steps as unlikely contributors to the problem.
We have found that mammalian cells are a useful, but often problematic tool for the HTS scientist. Cell-plating conditions, incubation times, compound addition parameters, and assay endpoint considerations can all affect the quality of data produced when conducting a screening campaign using mammalian cells. The testing of all of the variables described is now a routine part of the assay validation process at SRI. The utilization of stem cells as a screening platform represents an exciting new frontier in screening technology. Because these cells are significantly different from the established cell lines commonly used in research, much work is still required to define the conditions for optimal cell behavior. To be useful in HTS campaigns any cell line must produce a consistent response to experimental conditions. As more work is done with stem cells, researchers will discover many variables that affect these cells. Some may be in common with established cell lines and include those listed here and other will be unique to stem cells. Advances in stem cell culture will be made by identifying and controlling critical variables in screening assays and these advances will expand the use and usefulness of stem cells.
